Introduction
The Gadd34 gene (also known as MyD116) is regulated by genotoxic stress, nutrient deprivation and during myeloid differentiation (Fornace et al., 1989; Lord et al., 1990) . Expression of Gadd34 correlates with apoptosis induced by various signals and its overexpression can elicit apoptosis (Hollander et al., 1997 (Hollander et al., , 2001a Adler et al., 1999) . Gadd34 shares carboxyl region similarity with two viral proteins, HSV1 ICP34.5 (Chou and Roizman, 1994) and African swine fever virus NL. This region of Gadd34 can substitute for the similar ICP34.5 region in preventing apoptosis of HSV1-infected cells (He et al., 1996) . Gadd34 binds protein phosphatase type 1 (PP1), and can modulate its activity and substrate specificity (Novoa et al., 2001 ). Gadd34 binds a number of other proteins, some of which are known modulators of protein phosphatase activity also, such as SNF5/INI1 (Wu et al., 2002) and inhibitor 1 (I1) (Connor et al., 2001) . Notably, Gadd34 binds HRX, a protein overexpressed as a result of translocation/gene fusion in lymphoid and myeloid leukemia (Adler et al., 1999) . Many of the Gadd34-interacting proteins can also interact with each other, and Gadd34 is known to exist as at least a heterotrimer with SNF5 and HRX, and with SNF5 and PP1. Although Gadd34 binds to two zinc-finger transcription factors, HRX (Adler et al., 1999) and BFCOL1 and translin which binds DNA translocation breakpoints , it is not known whether Gadd34 acts as part of a transcription factor complex in the regulation of other genes. Given the complexity of possible interactions, the net affect of Gadd34 on cell parameters may well depend on cellular environment and/or cell type.
A novel rat gene has been reported, which shares significant homology with human and mouse Gadd34 but is truncated and does not contain the viral similarity region (Su et al., 1997) . This gene was isolated as an upregulated transcript in transformed cells and overexpression led to increased oncogenic potential of both rat and human cells in nude mice (Su et al., 1997 (Su et al., , 1999 . Decreased latency, larger size and increased vascularization were observed in PEG-3 expressing tumors. It was subsequently found that PEG-3 could enhance vascular endothelial growth factor (VEGF) expression, suggesting a mechanism for increased vascularity of these tumors (Park et al., 2001) .
Gadd34 is a single copy gene with no other closely related proteins in human, mouse and hamster cells. We therefore sought to determine whether two Gadd34 family members were present in rat cells. Sequence and copy number analysis of potential rat Gadd34 and PEG-3 genes revealed only Gadd34 sequences, indicating that PEG-3 does not exist in normal rat cells. We therefore sought to determine the potential effects of such a mutant both alone and on the normal function of full-length Gadd34.
Results
Human and mouse Gadd34 sequences were compared with rat PEG-3 sequences and it was found that PEG-3 contained three single bp deletions (Figure 1) , the first of which changed the reading frame, compared with Gadd34, resulting in a truncated protein (Figure 2 ).
Nucleotide sequences corresponding to the viral similarity domain of the Gadd34 protein were present in the PEG-3 3 0 nontranslated region (Figure 1 ). In addition, the promoter of PEG-3 has significant homology to those of the human, mouse and Chinese hamster Gadd34 genes; approximately 60% over 220 bp proximal to the transcription start site (data not shown). Figure 1 Nucleotide sequence homology between the 3 0 ends of the human, mouse, hamster and rat Gadd34 cDNA coding regions and the rat PEG-3 cDNA. Sequences are shown beginning at the following nucleotides relative to the start of the published sequence: human 1854, mouse 1839, hamster 1696, rat 1579, PEG-3 1754. 3 0 Nontranslated sequences are not shown except for PEG-3. Nucleotides conserved in 3 or more sequences are shaded and outlined. The sequences corresponding to the protein region similar to HSV ICP34.5 begin 20 bp 5 0 to the sequences depicted here and end at the small downward pointing arrow. The bold arrow is the translation stop codon for PEG-3, which results from a change in the protein reading frame because of a single bp deletion more 5 0 to the sequences shown above. The bold at the bottom is the translation stop codon for the human and mouse Gadd34 proteins. Note that the PEG-3 nucleotide sequence shows a great deal of homology with other mammalian Gadd34 genes even after the translation termination codon. Two additional single bp deletions in PEG-3, relative to Gadd34 genes, are marked with asterisks. Sequence alignments were performed using MacVector software Various sources of rat genomic DNA were subjected to genomic Southern analysis using the full-length mouse Gadd34 cDNA as probe. This sequence was expected to hybridize to both PEG-3 and rat Gadd34 if present. However, only single bands (1.5-9 kb) were observed in DNA cut with five different restriction enzymes. This indicated that there was likely only one gene homologous to this probe ( Figure 3 ).
Several sets of PCR primers were then designed from the PEG-3 sequence to amplify the entire rat ORF. PCR was performed on Sprague-Dawley rat liver DNA and the resulting products were purified and sequenced. This was the same strain of rat used to derive the cells from which the original PEG-3 was isolated. A single amplification product was observed with each primer set. In particular, one set of primers was designed to amplify intron 2 with flanking sequence in exons 2 and 3. Two different genes (Gadd34 and PEG-3) would be expected to have differing intron sequences yielding more than one PCR fragment and differing sequences. At least two separate reactions were sequenced for each set of primers to minimize the possibility of interpreting PCR errors as bona fide sequence. In all cases, there were no discrepancies between sequences obtained from the same primer set. PCR products were also cloned into pBluescript, and several clones from each PCR reaction were sequenced. A rat Gadd34 RNA transcript was predicted based on known intron/exon boundaries for the human and mouse genes (accession numbers AY128641 and AY128642). The predicted rat protein corresponded very well to both the human and mouse Gadd34 proteins, including the viral homology domain (Figure 2 ). All of the deletions in the PEG-3 gene that changed the reading frame were absent in the sequenced rat gene. Comparison with available rat EST sequences showed that 7/7 and 12/12 highly homologous sequences did not have the second and third bp deletions, respectively, that are present in the PEG-3 sequence. There were no EST sequences corresponding to the region surrounding the first bp deletion. In addition, there are no first exon sequences present in the PEG-3 sequence, which begins within, and includes the 3 0 portion of the first intron.
The presence of multiple Gadd34 genes, of which PEG-3 might be a minor constituent, was ruled out using Southern analysis in which a standard curve for gene copy number was built in using a rat-specific DNA fragment corresponding to the second exon (Figure 3) . A restriction enzyme was chosen such that the endogenous genomic fragment would be of similar size to the PCR fragment in order to minimize hybridization variables. The hybridizing genomic fragment exhibited somewhat less intensity than the single copy PCR fragment (see lane 1 of Figure 3b ). Similar results were obtained for two different Southern blots with three different rat genomic DNA samples. These results indicated that Gadd34 is a single copy gene and that PEG-3 does not exist in normal rat cells. The PEG-3 transcript may therefore have resulted from mutation of the normal Gadd34 gene during transformation, or from experimental artifacts. Figure 2 Sequence homology between the human, mouse, hamster and rat Gadd34, rat PEG-3 and HSV1 ICP34.5 proteins. Rat cDNA was assembled from genomic sequence obtained from PCR fragments as described in the text. Only the carboxyl ends of the proteins are shown starting with the following amino-acid positions: human 500, mouse 494, hamster 450, rat 407, PEG-3 407. For the ICP34.5 protein, only the sequence with similarity to Gadd34 is shown. Identical (dark shaded) and similar (light shaded) amino acids are outlined. The PEG-3 sequence diverges from other mammalian Gadd34 proteins at the point of the first single bp deletion, and then ends prematurely. Sequence alignments were performed using MacVector software
The viral homology region lacking in PEG-3 has been indirectly linked to Gadd34-mediated growth suppression via its interaction with other proteins (Figure 4 , see Discussion below). In order to determine which regions of the Gadd34 protein mediate growth suppression, mammalian expression vectors with various deletions of Gadd34 driven by the CMV promoter were transfected into RKO cells. Consistent with previous results, fulllength Gadd34 expression led to an 85% decrease in colony formation ( Figure 5 ). This is somewhat more than previously published, but here all vectors were linearized in nonessential regions to maximize the functionality of the stably integrated plasmid to produce Gadd34 protein. Gadd34 lacking the carboxyl viral homology region (1-483) was more potent at growth suppression than full-length protein. Cotransfection of both full-length and 1-483 Gadd34 yielded results similar to those obtained with the 1-483 alone. In contrast, Gadd34 proteins lacking amino-terminal portions of the protein (214-675 and 483-675) were less potent growth suppressors than the full-length protein but did not effect growth suppression elicited by the fulllength protein. Apoptosis was observed as nuclear fragmentation with Dapi staining 2 days after cotransfection with a green fluorescent protein (gfp) construct. The 1-483 construct elicited the most apoptosis, followed by full-length Gadd34 and the amino deletions 214-675 and 483-675 (data not shown). However, most apoptotic cells had detached from the plate and for the 1-483 construct, especially, few attached cells expressing the cotransfected gfp remained. This precluded accurate quantitation of apoptosis although relative apoptosis was similar to the results seen in the colony formation assay.
Discussion
The report of a Gadd34-related protein in rat cells led us to investigate whether rats were unique among mam- Figure 3 There is only one rat gene with significant homology to Gadd34 and PEG-3: (a) genomic DNA prepared from Rat1 cells was digested with the indicated restriction enzymes, size separated and subjected to Southern blot hybridization. Full-length mouse Gadd34 cDNA was random primer labeled and used as a probe. (b) Genomic DNA prepared from Sprague-Dawley rat liver was digested with NheI in the presense or absence of defined amounts of a 1.3 kb PCR fragment consisting of rat Gadd34 exon 2. The genomic equivalents for input amounts of this fragment are designated above each lane (i.e. 1 ¼ 1 genomic equivalent). The last lane is genomic DNA only. The PCR fragment was used as a probe for this Southern as described in Materials and methods mals in having two closely related Gadd34 genes. We had previously established that Gadd34 is a single copy gene in human, mouse and hamster cells (unpublished data). However, we have found that rats have a single diploid complement of the Gadd34 gene and that PEG-3 does not exist in normal, untransformed rat cells. Sequence of both the Gadd34 gene and its promoter are conserved among mammals, including human, mouse, Chinese hamster and rat.
Since PEG-3 is a mutant of Gadd34 whose protein product lacks the viral similarity domain and some sequences to the carboxyl side of it, several interesting inferences might be drawn regarding the function of this region. For example, PP1, Snf5, Lyn kinase and HRXbinding domains have all been mapped to this region of Gadd34 (Figure 4) , and interaction of Gadd34 with these proteins has been reported to be necessary for Gadd34-mediated growth suppression and apoptosis (Adler et al., 1999; Grishin et al., 2001; Novoa et al., 2001; Wu et al., 2002) . In addition, HRX, G34BP, GaHSP40 and Translin all bind the carboxyl half of the protein, which includes the region missing in PEG-3 (Adler et al., 1999; Isobe, 1999, 2000; Hasegawa et al., 2000a, b) . Expression of PEG-3 has been associated with transformation, increased tumorigenic potential and vascularization of tumors (Su et al., 1997 (Su et al., , 1999 . Owing to these published reports regarding effects of PEG-3 expression, it was thought that the protein might act as a dominant negative Gadd34.
Overexpression of full-length Gadd34 leads to a decrease in colony formation, due at least in part to rapid and extensive induction of apoptosis (Hollander et al., 2001a, b) . Unexpectedly, truncated Gadd34 lacking the carboxyl terminal viral homology domain had a greater effect on colony formation and did not inhibit full-length Gadd34-mediated colony suppression ( Figure 5 ). Amino-terminal deletions allowed more colony formation than full-length protein, indicating that the amino end of the protein has the most potent growth-inhibitory/apoptosis eliciting activity. This is consistent with published data indicating that transfection of viral ICP34.5 does not lead to a decrease in colony formation. This also discounts the idea that PEG-3 (viral homology deletion) can act as a dominant negative Gadd34, at least where colony formation and apoptosis are concerned. This does not rule out the effects of viral homology deletions on other parameters such as transformation, and complex effects such as tumor formation and angiogenesis in whole animals. Recently, it was shown that binding of Gadd34 to SNF5 was required for Gadd34-mediated growth suppression since Gadd34 mutations that prevented SNF5 binding also prevented growth suppression (Wu et al., 2002) . SNF5 binding was shown to be nearer the carboxyl end of Gadd34 (see Figure 4) , suggesting that SNF5 may permit Gadd34-mediated growth suppression through exlusion of other Gadd34-binding proteins whose binding to Gadd34 prevents these effects.
One implication of this data is that proteins binding to the first 214 amino acids of Gadd34 may be important in executing the apoptotic activity of Gadd34, while proteins that bind outside this region may modulate apoptotic activiy. However, no proteins are known that bind to this region of the protein, although the binding region for inhibitor-1 has been localized to amino acids 180-483 of Gadd34. The first 40 amino acids of Gadd34 are particularly well conserved between species with 23 nonvariant and 12 conserved amino acids between human, mouse, rat and hamster proteins. Future studies should therefore be aimed at determina- Figure 5 Deletion of the viral homology domain of Gadd34 does not interfere with growth suppression induced by the full-length Gadd34. RKO cells were transfected with linearized plasmids containing the indicated Gadd34 sequences driven by the CMV promoter as described in Materials and methods tion of the role of amino-terminal Gadd34 sequences in apoptosis.
Materials and methods
Genomic DNA was prepared from Rat-1 cells, RFL6 cells and Sprague-Dawley rat liver by lysis in 100 mm Tris, pH 8.5, 5 mm EDTA, 0.2% SDS, 200 mm NaCl and 100 mg/ml proteinase K at 451C. Samples were extracted with phenol and chloroform and precipitated with isopropanol, followed by a 70% ethanol wash. DNA was dissolved in 10 mm Tris, pH 7.5, 1 mm EDTA. In all, 10 mg of DNA was digested for each lane on genomic Southerns. Gels were blotted using the Genie Blotter (Idea Scientific, Minneapolis, MN, USA) according to the manufacturers directions. A mouse Gadd34 cDNA fragment was labeled using random primers as described previously (Hollander et al., 2001a, b) .
PCR on Sprague-Dawley rat DNA was performed using primers that would recognize both PEG-3 and Gadd34. For amplification of exon 2, primers were GCCAGACA-CATGGCCCCA and CAGAGGAATCTCAGGGTCCTGA, which generated a product of 1380 bp. This product was added to genomic DNA in amounts equivalent to 1, 2, 5 or 10 diploid copies of Gadd34, digested with NheI (which does not cut in the PCR product) and subjected to Southern analysis (Figure 3b ) using the same fragment as probe. The exon 2 product was labeled using Klenow and GCCAGACA-CATGGCCCCA as primer.
CCTGAGCACAAGCTTGAGGA and GGAAGCCCAT-CAGTGGAGA were used to amplify from intron 1 into exon 2 (fragment size 397 bp). GTGGCCCCAGTTGACTCA and GTCCTGCCCAGACAGCAA were used to amplify from exon 2 through exon 3 (fragment size 743 bp). GGTGCACTTCTCTGAGAAAGT and GCAAAAGGCGT-TACATATTCGTATTAAGAGACT were used to amplify the coding region of exon 3 (fragment size 418 bp). All PCR products were sequenced directly and after cloning into pCRBluntII-topo (Invitrogen). Sequence comparisons were carried out using Clustal alignment on the MacVector program (Oxford Molecular).
Full-length and portions of Gadd34 were cloned into pcDNA3.1 and used to transfect RKO cells. Cells were seeded at 5 Â 104 per well in six-well plates. Cells were transfected the next day using 4 mg of total plasmid (2 mg per plasmid when two different plasmids were used) and 6 ml of Lipofectamine 2000 (Invitrogen). After 16 h, cells were removed from the plates with trypsin and plated onto 100 mm dishes (three replicates). After attachment, G418 was added to 600 mg/ml and colonies were fixed and stained 14 days later. Colony formation for each transfection was normalized to colony formation of the same transfection in the absence of G418 and then to the average value for transfection with vector alone.
For apoptosis observation, cells were seeded at 2 Â 10 5 cells per well in six-well culture plates containing 22 mm glass cover slips. Cells were cotransfected 24 h later with the Gadd34 deletion plasmids plus a plasmid for the expression of gfp as described previously (Hollander et al., 2001a, b) . Cells were fixed in 4% paraformaldehyde after 2 days. Floating cells were pelleted and overlayed onto the fixed coverslips before staining with Dapi. Apoptotic cells were observed as those with fragmented nuclei.
